Through assumption of the equivalent velocity and equivalent quality factor of the PS-wave, in visco-elastic media, PS-wave Q estimation can be realized with the P-wave quality factor and P-to S-wave velocity ratio. For sedimentary rock, which has strong agglutination, the internal friction is mainly contributed by the shear friction along crevices or inter-granular crevices, so that a relationship between PS-wave Q values and P-wave Q values can be built up even when the S-wave Q values are unknown. In the estimation of the PS-wave quality factor, the P-to S-wave velocity ratio can be computed based on two-way traveltimes of PP and PS events respectively, in order to avoid the influence of the inaccuracy of P-and S-wave velocities. The method is demonstrated with a zero-offset VSP data in a coal-mining field. The results of P-wave and PS-wave Q values estimated show a consistency with lithology revealed from drilling.
Introduction
Q compensation of the converted (PS) wave is an interesting problem in multi-component seismic data processing. In particular, the estimation of the PS-wave quality factor, under the assumption of visco-elastic and isotropic media, is important in PS-wave data processing.
Inverse Q filtering is a key step in seismic data processing (Wang 2008a) . But PP-wave Q compensation studies get more attention than PS-wave Q compensation. Wang (2002 Wang ( , 2006 introduced stabilized inverse Q filtering approaches, such as wave field downward extrapolation and Gabor transform methods, for the depth-dependent, layered Q model and for the lateral and vertical variable Q model. In addition, Wang and Guo (2004) and Wang (2008b) also suggested to combine inverse Q filtering in a migration processing, to produce highresolution seismic images.
For Q model estimation, besides the conventional spectral ratio method, Wang (2004) put forward Q analysing methods based on either the attenuation or compensation functions. These methods may result in a more stable result than the conventional spectral ratio method (Wang 2003) . Dasios et al (2001) also suggested that an instantaneous frequency method is more stable than the spectral ratio method. According to White (1992) , the instantaneous frequency values provide maximum stability when the amplitude envelope is large.
However, when compared to PP-waves, PS-waves show a different frequency bandwidth and different dominant frequency (Deffenbaugh 2000) .
Such inconsistency on frequency characters increases the difficulty of geological prediction using PP-and PS-waves jointly. In order to realize comparative interpretation and analysis on both PP-and PSwaves, the preservation of relative amplitudes is required in multi-component seismic data processing. Zhao and Wang (2004) suggested firstly to correct spherical divergence and then to make Q compensation for PP-and PS-wave reflections separately. The PS-wave Q model can also be inversed through calculation of the S-wave quality factor (Yan and Liu 2009) , accompanied essentially with S-wave well logging or three-component vertical seismic profile (VSP) survey.
In this short note, an equivalent quality factor for PSwaves in the post-stack domain is derived. It is defined in terms of the PP-wave quality factor and the P-to S-wave velocity ratio. Furthermore, the velocity ratio does not need explicit P-and S-wave velocities and can be calculated based on the PP-and PS-wave two-way time in the stack sections. Therefore, the PS-wave Q compensation is possible even in the case of no information about the S-wave velocity and S-wave quality factor.
Theoretical background
Fundamentally, PS-wave Q compensation needs both the Pwave quality factor Q P and S-wave quality factor Q s , for asymmetric PS-wave ray path in visco-elastic media. For a post-stack PS seismic trace, where we can assume the sourcereceiver offset be zero, the PS-wave propagation can be written as (Richard and Stewart 2002) 
where A PS is the PS-wave amplitude, A 0 is the initial source amplitude, x is a half of the propagation distance (i.e. from the surface down to the reflector), f is the frequency and V P and V S are the velocities of P-and S-wave respectively. Assuming there is an equivalent velocity V PS , and an equivalent quality-factor Q PS for the PS-waves, the PS-wave propagation can be re-written as
where the equivalent velocity V PS is defined as
and then the equivalent quality factor can be derived as
in which γ = V P /V S is the ratio of the P-wave velocity to the S-wave velocity. This equation shows that the equivalent quality factor of the PS-wave is related to the velocity ratio and quality factor of P-and S-waves. In the rest of this section, we derive a formula for Q −1 S and in turn a formula for Q −1 PS , expressed in terms of Q −1 P . For sedimentary rock, the P-wave quality factor Q P and S-wave quality factor Q S can be written as (Meissner 1986 )
where κ and μ are the bulk and shear modulus of the elastic component in visco-elastic media respectively, and κ * and μ * are the bulk and shear modulus of the viscosity component.
Since there are always the relationships as following in homogeneous and isotropic media:
we can obtain
This formula can be used for post-stack PS-wave data, if considering only the vertical quality factor ratio Q P /Q S (Arnim and Stewart 2004 , Waters 1978 , Udias 1999 . The Bulk modulus κ * is an internal friction loss caused by the compressive stress, while the shear modulus μ * is caused by the shear stress (Li 1994) . Most sedimentary rocks have a low V P and weak agglutination between particles, and the internal friction represents mainly that the compressive friction is larger than the shear friction, i.e. existing a relationship of κ * > 4 3 μ * . When the sedimentary rock has strong agglutination, V P increases and internal friction is mainly constituted by the shear friction along crevices or intergranular crevices due to the concretion between particles, and κ * decreases as μ * increases, with a relation of κ * < 4 3 μ * . The example seismic data set shown in this paper is from an area covered with Cenozoic sedimentary formations, in huge thickness, un-consolidation and extensively horizontal stratifications and crevices. In that case, the S-wave displays much more attenuation than the P-wave, and κ * < 4 3 μ * holds true. So equation (7) can be expanded to
Taking the zeroth-order approximation and substituting it into equation (4) gives
That is, the PS-wave quality factor can be related only to the P-wave quality factor and velocity ratio. According to equation (9)
PS is larger than Q −1 P . This is always the case for seismic media, and since Poisson's ratio is usually larger than 0,γ is always larger than √ 2 (Aki and Richards 1980) . In order to avoid the influence of the inaccuracy of velocity on the quality factor Q −1 PS , the velocity ratio γ is computed based on two-way traveltimes of PP and PS events, t PP and t PS respectively. For a zero-offset seismic trace, V P = 2D/t PP , where D is the depth of a reflector. From equation (3), we have t PS = 1 2 (t PP − 2D/V S ) and then V S = 2D/(2t PS − t PP ). Therefore, we obtain
As in the derivation above, an accurate estimation of the Pwave quality factor is important for PS-wave Q estimation. The estimation of Q P is a mature procedure in the seismic data processing and can be found in many references (e.g. Wang 2008a and b).
An application example
A VSP data set and two survey lines of two-dimensional threecomponent (2D3C) seismic data were acquired in a coalmining field ( figure 1(a) 500 m, are composed of interbedded clayey sand, shale and sand. These geological characters attenuate severely the highfrequency surface seismic components, resulting in narrow bandwidths in deep reflections of PS-wave recorded in surface. Although the continuity of the reflection events is good and the reflection energy of coal seams is also strong enough to be recognized, small structures, especially small faults when the distance of discontinuity less than 5 m, cannot be accurately identified. So, the estimation and compensation of PS-wave Q are necessary for improvement of the resolution of surface seismic data.
The P-wave first arrival has lost 10 Hz high frequency ( figure 1(b) ) due to viscosity from the surface to the depth of 850 m. We use a spectral ratio method (Tonn 1991) to estimate Q P according to the spectra of VSP first arrivals with the following formula:
where A(ω) d i (i = 1, 2) are the amplitude spectra at depth d i (i = 1, 2), ω = 2πf , V 1 and V 2 are the average velocities at the depth d 1 and d 2 respectively. According to the interpretation of the VSP data, velocity ratios on each horizon can be derived, and so Q P S values can be calculated with formula (9), as illustrated in table 1. Figure 2 displays the P-wave velocities, V P /V S velocity ratios, Q P values derived from the VSP first arrivals and Q P S values estimated by equation (9), respectively. From figures 2(a) and (b), we can see that V P increases and V P /V S decreases as the depth increases. Comparing the estimated Q P and Q P S values (figures 2(c) and (d)) with lithological description revealed from drilling information, we can see that the Cenozoic cover, Cenozoic bottom and coalbearing formations have relatively lower quality factors (the near-surface quaternary soft sedimentary, the unconformity efflorescent surface at the bottom of the Cenozoic and lower density coal seams). We also see that sand-shale formations have relatively higher quality factors responding to the Cenozoic sedimentary and cover of the coal-bearing formations.
Conclusions
Through the theoretical analysis of the quality factor in viscoelastic media and field data testing, under the assumption of isotropic media, this short note bears out that the PS-wave frequency is lower than the P-wave evidently, due to viscosity of the real media. By introducing the PS-wave equivalent quality factor, Q estimation of the converted wave data can be simply implemented using the P-wave quality factor and the velocity ratio approximated by the time difference between PP-and PS-events.
